Introduction
[2] The isolation of Zealandia in the South Pacific was a result of formation of the Tasman Ridge and the PacificAntarctic Ridge oceanic spreading systems (Figure 1 ). Early Cretaceous extension leading to metamorphic core complex formation, development of the Tasman Ridge and separation of western Zealandia from eastern Australia is well documented [Tulloch and Kimbrough, 1989; Etheridge et al., 1989; Lister et al., 1991; Spell et al., 2000] . In contrast, details of continental extension leading to formation of the Pacific-Antarctic Ridge and separation of eastern Zealandia from West Antarctica are more cryptic. An improved understanding of this latter phase of tectonism holds important implications for the development of Zealandia as a continent because several offshore continental features (e.g., the Great South Basin and the Campbell Plateau) formed contemporaneously with this event. Additionally, detailed documentation of the spatial and temporal evolution of a continental rift system has implications for understanding changes in driving mechanisms for extension that may occur as the rift progresses.
[3] Kula et al. [2007] proposed the isolation of Zealandia resulted from two distinct rifting events, with separation from West Antarctica partially accommodated along the Sisters shear zone located on the southeast coast of Stewart Island in southern New Zealand. This tectonic model was largely based on comparison of 40 Ar/ 39 Ar Kfeldspar thermochronometry from the Sisters shear zone with thermochronometry of other Early Cretaceous shear zones in New Zealand and Antarctica. Here, a more complete field, kinematic, and thermochronometry study of the Sisters shear zone is presented. These data are used to constrain the shear zone architecture, determine the deformation mechanisms active (and thus temperature conditions) during extensional shearing of the footwall, and demonstrate the Sisters shear zone played a significant role in the Cretaceous extensional tectonics resulting in formation of the Great South Basin, thinning of the Campbell Plateau, development of the Pacific-Antarctic Ridge, and separation of Zealandia from West Antarctica.
of plutons indicates that in the Early Cretaceous, magmatism migrated southward (paleocontinentward) into the Western Province contemporaneous with episodes of crustal shortening [Allibone and Tulloch, 2004; Klepeis et al., 2004] . Additionally, the distribution and chemical signatures of plutons exposed on Stewart Island supports the paired plutonic belt interpretation of Tulloch and Kimbrough [2003] where the southern portion of the island represents the continuation of the high Sr/Y belt (younger thick arc crust) on the continent side and the north represents the low Sr/Y belt (older thin arc crust) on the ocean side with the Escarpment Fault roughly marking the boundary between the two [Tulloch et al., 2006 , available at http://www.crownminerals. govt.nz/cms/pdf-library/petroleum-conferences-1/2006/ papers/Papers_59.pdf].
[5] Structures present on the island include the Freshwater fault zone, the Escarpment Fault, and the Gutter shear zone, which are all northwest -southeast striking reverse faults that, when oroclinal bending through the Alpine Fault is restored, have orientations and kinematics consistent with accommodating dextral transpressive intra-arc shortening Tulloch, 2004, 2008] and may correlate to Early Cretaceous structures in the Fiordland region [Klepeis et al., 2004] .
Sisters Shear Zone
[6] The Sisters shear zone strikes northeast along the southeast coast of Stewart Island and consists of variably deformed granitoids that include breccia, protomylonite, mylonite, and ultramylonite [Kula et al., 2007] . Recognition of the shear zone as a significant structure is based on outcrop sites studied along $40 km of the coast (Figures 2, 3 , and 4). Tulloch et al. [2006] and Kula et al. [2007] described the Sisters shear zone as consisting of two segments, North and South, based on deformation fabrics, kinematics, and apparent left-lateral offset of the NNW boundary of deformation (Figure 2) . Figure 3 shows the site locations studied in the southern segment, and Figure 4 shows the site locations studied in the northern segment. The sites discussed herein are a subset of all locations visited during two seasons of fieldwork, which results in an apparently random numbering scheme. Details of the P-numbered samples are recorded in the PETLAB database (http://pet.gns.cri.nz). Descriptions of the outcrop locations studied and microstructural observations made from oriented samples collected at these sites are presented here to develop the shear zone architecture and to assess the conditions of deformation.
3.1. Field and Microstructural Observations 3.1.1. Southern Segment [7] In the southern segment, deformation fabrics are preserved in two granitic units; the 105 Ma Gog and Kaninihi plutons of Allibone and Tulloch [2004] . All southern segment sites are located within the biotite-Kfeldspar-plagioclase-quartz Kaninihi granodiorite except sites 11 and 6, which are within the quartz-biotite-Kfeldspar-plagioclase Gog granite. The northern boundary of deformation in the southern segment is estimated to be in the vicinity of South Arm (Figures 2 and 3 ) based on a lack of visible deformation in exposures to the north of this inlet. Exposures tend to show high-strain zones on the order of tens of meters thick separated by intervals exhibiting very weak deformation fabric to virtually undeformed textures. Several brittle normal faults that cut these fabrics have also been observed at some locations ( Figure 3 ). The following are descriptions of field and thin section data collected from key locations (Figure 3 ) studied within the Sisters shear zone along the southeast coast of Stewart Island. Examples of the microstructures observed at these sites are shown in Figure 5 .
[8] At site 17 near the southern tip of Stewart Island (Figure 3 ) exposures exhibit a northeast dipping foliation (282°/24°N) and a poorly developed lineation oriented at 314°/14°. The foliation is well defined by the grain shape orientation of elongate 3 -5 mm feldspar crystals. This fabric is cut by a northwest dipping high-angle normal fault. In thin section, quartz occurs between larger feldspar and biotite crystals as polycrystalline bands consisting of southwest dipping <50 mm grains with lobate margins (Figure 5a ).
[9] The mineralogy at site 18 is the same as site 17 with the addition of minor muscovite growth within biotite clusters and along some grain boundaries. In outcrop there is a very weak foliation (085°/15°N) in the rock with a strong lineation (332°/12°) defined by elongate plagioclase (4 Â 1 mm) porphyroclasts. In thin section, feldspar and biotite crystals are mostly subparallel with foliation; however, many are also oriented at high angles to the weak foliation plane. Polycrystalline quartz bands occur between the larger feldspar grains (Figure 5b ).
[10] Site 11 outcrops consist of north dipping slabs of ultramylonite with a prominent foliation (099°/22°N) and lineation (354°/22°). The matrix is very fine grained with a banded appearance surrounding highly rounded feldspar porphyroclasts (Figure 5c ). Kinematic indicators include Figure 2 . Simplified geologic map of the SSZ along the southeast coast of southern Stewart Island [from Allibone and Tulloch, 2004; Kula et al., 2007] . P numbers refer to thermochronology samples (see Figure 7 ) referenced to the PETLAB database (http://pet.gns.cri.nz); sample numbers in italics are from Kula et al. [2007] . Boxes indicate the areas shown in Figures 3 and 4 . Figure 3 . Map depicting site locations in the southern segment of the SSZ. White arrows denote motion of upper plate, and site numbers refer to the adjacent foliation orientation symbols. Equal-area stereographic projections in lower right corner show lineation orientations measured throughout the SSZ indicating NW -SE transport direction regardless of shear sense and foliation attitude. Kamb contours at 2.0 contour interval and 3.0s significance. Plots were created using the program StereoWin (R. W. Allmendinger, StereoWin for Windows, 2002, available at ftp://www.geo.cornell.edu/pub/rwa).
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[11] At site 6, feldspars are as large as $1 -3 mm across, and a thin section shows minor muscovite growth within bands of biotite ( Figure 5d ). Foliation (314°/38°north) and lineation (322°/16°) are both well developed in the outcrop. C 0 -type shear bands and cm-scale ultramylonite zones with winged porphyroclasts are visible in hand sample. In thin section an oblique fabric of dynamically recrystallized quartz is present and feldspar exhibits cleavage fractures.
[12] Site 21 consists of intermixed intervals of dark and light biotite-feldspar-quartz granite. The more mafic intervals have an increased abundance of biotite. The compositional boundaries are subparallel to the prominent foliation (310°/ 10°north) which contains a lineation oriented 342°/5°. Deformation is preserved as mylonitic fabric containing centimeter-scale intervals of ultramylonite. Feldspar crystals range from $0.5-3 mm across and sphene, zircon and epidote are relatively abundant. Thin sections show a welldeveloped oblique fabric of dynamically recrystallized quartz (Figures 5e and 5f ), quartz ribbons, and biotite mica fish. Feldspars are brittley deformed showing kink bands, dense fractures, and rotation along microfaults (Figure 5e and 5f).
[13] Site 4 outcrops form northeast dipping slabs with a well-developed foliation (130°/80°N) and lineation (125°/8°). Several south dipping normal faults are present that cut the ductile fabric. In thin section, quartz appears as ribbons and also exhibits a poor grain shape orientation (Figure 5g ). Feldspar crystals are highly fractured and sheared (Figure 5g ).
[14] At site 3 foliation (044°/17°S) and lineation (160°/ 17°) are well developed in the outcrops with K-feldspar dominating the mineralogy defining the deformational fabric.
In thin section, quartz occurs as polycrystalline bands and biotite exhibits fish morphology along the grain boundaries of larger feldspar porphyroclasts (Figure 5h ). Fracture and kink banding occurs in microcline.
[15] Site 7 outcrops exhibit fabric defined by foliation (025°/24°S) and lineation (155°/13°), which is cut by steep south dipping normal faults. In thin section, quartz is in polycrystalline ribbons with a well developed oblique grain shape fabric and feldspar clasts show asymmetric wing development as well as fracture and kink banding (Figure 5i ). White mica growth occurs along fractures and the foliation.
[16] Site 8 is exposures of outcrops exhibiting weak foliation (265°/20°N) and lineation (330°/14°). In thin section, quartz forms ribbons, feldspars exhibit strong undulatory extinction, and are fractured and rotated along microfaults.
[17] To summarize observations, several locations consist of ultramylonite (sites 11, 6, 21) either as a dominant component of the outcrop (site 11) or as intervals within coarser mylonitic or lesser deformed rocks (sites 6 and 21). Common to all observed ultramylonites is the presence of highly rounded and winged feldspar porphyroclasts within a dark, banded very fine grained matrix ( Figure 5 ). Feldspar deformation is dominated by fracturing, microfaulting, and kink banding. Quartz is dominantly observed as ribbons and polycrystalline bands exhibiting grain shape fabric, that occur between the larger feldspar crystals oriented subparallel to the foliation.
Northern Segment
[18] Sites studied in the northern segment of the Sisters shear zone are depicted in Figure 4 . Ductile fabrics include protomylonite, mylonite, and ultramylonite and are present in three different plutons as mapped by Allibone and Tulloch [2004] : the Knob (305 Ma), Easy (130 Ma), and Blakies (115 Ma) plutons. Figure 6 shows a summary of the deformation fabrics observed in the northern segment. Descriptions of these features as obtained from field observations, field measurements, and thin section analyses follows.
[19] Site 24 is within the Easy pluton on the western side of Pearl Island (Figure 4 ). The outcrop is granodiorite with a relatively weak south dipping ductile fabric. Layers dominated by an assemblage of biotite-muscovite-quartz occur at intervals; these show a strong S-C mylonitic fabric. 6 of 22
The foliation is southeast dipping with a strong lineation plunging toward 150° (Figure 4) . In thin section, mica fish, polycrystalline quartz ribbons, and quartz grain shape fabric are all present (Figure 6a ).
[20] Site 15 is to the north-northeast of Pearl Island and also within the Easy Pluton (Figure 4 ). Here outcrops consist of medium grained biotite-K-feldspar-plagioclasequartz granodiorite with rare hornblende. The exposures are undeformed and thus constrain the northern boundary of the northern shear zone segment (Figure 4) .
[21] Site 14 is within the medium grained two-mica Knob granite. The general mineralogy consists of biotitemuscovite-K-feldspar-plagioclase-quartz with biotite more abundant than muscovite. There is a well-developed ductile fabric with foliation (075°/49°S) and lineation (164°/45°) cut locally by several south dipping normal faults (Figures 4  and 6f ). Thin section shows preservation of a oblique strong quartz grain shape fabric, sigma clasts, and shear bands ( Figure 6b ). Plagioclase exhibits kink bands and deformation lamellae.
[22] Site 23 is the Sisters Islets for which the Sisters shear zone is named (Figures 4 and 6d) . The islets consist of boulder conglomerate (Figure 6d ), originally described by Fleming and Watters [1974] . The conglomerate beds consist dominantly of clasts of deformed granitoids within an arkosic sand matrix. Beds dip northward at approximately 25°and show some chloritization and/or alteration. Fleming and Watters [1974] report zeolitization of feldspars.
[23] Site 12 marks the only location where a brittle detachment fault surface has been observed and measured (Figures 4 and 6c) . The surface is marked by a black ultracataclastic ledge that separates brittley-overprinted granite protomylonite-mylonite below (north) from hydrothermally altered, chloritic, brecciated granite above (south) (Figures 4 and 6c) . The fault surface strikes 061°, dips south at 27°and has slickenlines oriented 153°/27°. The black ultracataclasite exhibits extreme grain size reduction and the overlying chloritic breccia is highly fractured, consisting mostly of greenish colored granitic clasts and boulders. In thin section, quartz and feldspar fragments show undulose extinction with crush zones at the grain boundaries with minor interstitial sericite and calcite.
[24] Site 22 consists of deformed two-mica Knob granite with muscovite more abundant than biotite in the finer grained intervals and biotite more abundant in the coarser intervals. Strong foliation (040°/19°south), lineation (145°/ 18°), C 0 -type shear bands, asymmetric porphyroclasts, and centimeter-scale bands of ultramylonite are observable in hand sample (Figure 6g ). Thin section shows welldeveloped mica fish, winged s-and d-shaped clasts, polycrystalline quartz bands, and an oblique quartz grain shape fabric (Figure 6e ).
[25] To summarize observations from the northern segment, deformation fabrics (foliation/lineation) measured are south dipping/plunging as are all faults that cut these fabrics. Quartz is preserved in deformed rocks as polycrystalline ribbons, exhibiting a strong oblique grain shape fabric. Feldspars exhibit some undulatory extinction in thin section and show deformation by fracture and microfaulting. Highly fractured granitic chloritic breccia sits above an ultracataclasite layer that marks a fault surface, and conglomerate exposed on offshore islets dips north, toward coastal exposures of south dipping mylonitic.
Kinematics of the Sisters Shear Zone
[26] Kinematic indicators in the southern segment of the Sisters shear zone include s-and d-type winged feldspar porphyroclasts, mica fish, quartz oblique grain shape fabrics, and rotation of crystals along microfaults, and shear bands ( Figure 5 ). There is some variation in foliation attitudes in the southern segment; however, lineations are dominantly oriented 330 -150°throughout the shear zone ( Figure 3 ). Variations in orientations may reflect reorientation related to slip along younger fabric-cutting normal faults. The southern segment is dominated by top-to-the-northwest shear with the exceptions of site 4, which exhibits top-to-thesoutheast kinematics (Figures 3 and 5) .
[27] Thin section analysis of a sample collected from site 7 (Figure 5i ) shows an oblique quartz grain shape fabric recording top-to-northwest kinematics although the foliation and lineation dip and plunge southeast. This site is the only location visited where kinematics show updip shear; possibly reflecting rollover of the foliation surface or rotation of that outcrop block along an undocumented younger fault. All other sites in the southern segment exhibit hangingwall-down shear sense.
[28] All fabrics observed in the northern segment exhibit top-to-the-southeast shear sense based on C 0 -type shear bands (site 22), asymmetric winged feldspar porphyroclasts (sites 14, 22), well-developed mica fish (site 24), and oblique quartz grain shape fabrics (site 14) ( Figure 6 ). In addition to these microstructural kinematic indicators, the northwest dipping conglomeratic strata at site 23, and the juxtaposition of brittley deformed rocks in the hanging wall against ductile mylonite of the footwall at site 12, indicates top-to-the-southeast extensional deformation. hand samples by crushing, sieving, heavy liquid density separation, and hand picking to >99% purity. Samples P77057 biotite and muscovite and P77056 biotite were irradiated for 7 h at the McMaster Nuclear Reactor at McMaster University, Ontario, Canada. Samples P77499 biotite and muscovite, P75084 biotite and K-feldspar, P75079 biotite, and P75086 biotite and K-feldspar were irradiated for 7 h at the Oregon State University Radiation Center in the In-Core Irradiation Tube (ICIT) of the 1 MW TRIGA type reactor at Oregon State University. Sample P77499 K-feldspar was irradiated for 14 h at the Nuclear Science Center at Texas A&M University on the core edge (fuel rods on three sides, moderator on the fourth side) of the 1 MW TRIGA type reactor in a dry tube device, shielded against thermal neutrons by a 5 mm thick jacket of B 4 C powder. Synthetic K glass and optical grade CaF 2 were included in the irradiation packages to monitor neutron induced argon interferences from K and Ca, and Fish Canyon Tuff sanidine (27.9 Ma [Steven et al., 1967; Cebula et al., 1986] ) was included in the irradiation to determine J factors. These data are listed with the respective samples in Tables 1 -11. [30] Following irradiation, samples were analyzed at the Nevada Isotope Geochronology Laboratory at the University of Nevada, Las Vegas, using the furnace step heating method with a double vacuum resistance furnace similar to the Staudacher et al. [1978] design. Reactive gases were removed by three GP-50 SAES getters prior to being admitted to a MAP 215 -50 mass spectrometer by expansion. Peak intensities were measured using a Balzers electron multiplier by peak hopping through 7 cycles; initial peak heights were determined by linear regression to the time of gas admission. Mass spectrometer discrimination and sensitivity was monitored by repeated analysis of atmospheric argon aliquots from an online pipette system. The discrimination used in calculating ages for each sample is also listed in Tables 1 -11. [31] K-feldspar samples P75086 (site 17) and P75084 (site 15) were interpreted using the multiple diffusion domain (MDD) modeling approach of Lovera et al. [1989 Lovera et al. [ , 1991 . Activation energy (E) was determined using a least squares linear regression of data from low-temperature steps of the experiment plotted on an Arrhenius diagram [Lovera et al., 1989] . The frequency factor (D o ) for each diffusion domain was determined using the calculated activation energy and modeling the form of the Arrhenius plot [Lovera, 1992] . Ten E-D o pairs were then randomly selected from a Gaussian distribution around the values and their uncertainties obtained from the Arrhenius diagram. For each pair, a single activation energy was assumed to be representative of all domains used in the modeling. The number of domains along with their size and volume fraction was modeled using a variational iterative technique to determine the best fit between the experimental and modeled results on a domain size distribution plot (log (r/r o ) versus % 39 Ar released) . Cooling histories were then determined for each E-D o pair by fitting modeled age spectra to the experimental age spectrum using these parameters and domain distributions. The cooling histories obtained were then used to calculate 90% confidence intervals for the total distribution and the median of the distribution [Lovera et al., 1997] .
The
40 Ar/ 39 Ar Results
[32] Age spectra obtained for muscovite, biotite, and Kfeldspar are summarized in Figure 7 with corresponding data tables presented in Tables 1 -11. All ages cited in text and figures are at the 2s level of uncertainty. Plateau ages are defined as three or more consecutive steps totaling greater than 50% of the gas release that overlap at the 2s level of uncertainty. Inverse isochrons were assessed when possible, using the MSWD criteria of Wendt and Carl [1991] . In Figure 7 an asterisk denotes the age interpreted as representative for Ar ages from this paper and from Kula et al. [2007] obtained from the Sisters shear zone is presented in Table 12 .
P75086 Biotite and K-Feldspar (Site 17)
[33] P75086 biotite yielded a flat age spectrum with 95% (14 of 15 steps) of the gas release corresponding to a plateau age of 93.1 ± 0.8 Ma (Figure 7 ). This sample yielded an indistinguishable total gas age of 92.9 ± 0.8 Ma. Isochron regression of all 15 steps (MSWD = 0.19) results in an age of 93.7 ± 0.7 Ma corresponding to an initial 40 Ar/ 36 Ar ratio of 250.8 ± 7.4. The plateau age is the preferred age for the sample.
[34] K-feldspar yielded an age spectrum showing a progressive increase in age from 80 to 90 Ma (Figure 7 ). The (Figure 8 ).
P75079 Biotite (Site 10)
[35] The age spectrum for P75079 biotite shows an initial increase in age to a plateau-like segment, a subsequent decrease in age to a trough, and a final staircase shaped increase in ages. The total gas age for the sample is 91.2 ± 0.6 Ma. Omission of the first step (youngest age in spectrum) yields a preferred age of 94.6 ± 0.6 Ma. The ''plateau'' (steps 3 -5) and ''trough'' (steps 8-11) yield weighted mean ages of 96.1 ± 0.8 Ma and 91.1 ± 0.7 Ma, respectively. These two segments of the age spectrum can be expanded by inclusion of adjacent steps to yield statistically acceptable (MSWD criteria) isochron regressions. Ar intercept of 160 ± 84 and an MSWD of 2.3. Neither of these regressions include 50% or more of the total gas released during the analysis and all regressions yield ages calculated using initial 40 Ar/
36
Ar ratios significantly less than atmosphere (295.5).
P77056 Biotite (Site 24)
[36] Biotite yielded a discordant age spectrum with ages ranging from $50 to 90 Ma. The total gas age for the sample is 82.2 ± 0.9 Ma; omitting the first two steps (youngest of spectrum) yields a preferred age of 86.6 ± 0.9 Ma. Two segments of the age spectrum can be identified that include contiguous steps with ages that are indistinguishable at 2s. Steps 4 -9 (36.6% of the gas release) yield an age of 86.4 ± 1.2 Ma and steps 7 -12 (27.3% of the gas Ar are measured beam intensities in mV, corrected for decay in age calculations; age uncertainty includes J uncertainty; rlsd, released; all uncertainties 1 sigma. J = 0.001649 ± 0.1771%, 
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KULA ET AL.: SISTERS SHEAR ZONE GREAT SOUTH BASIN release) yield an age of 85.7 ± 1.2 Ma. Statistically valid isochrons were obtained from regressions using steps 1 -6 and 7 -13 corresponding to ages (and 40 Ar/ 36 Ar intercepts) of 92.5 ± 1.2 Ma (283.1 ± 2.9) and 93.1 ± 3.1 Ma (266 ± 17).
P75084 Biotite and K-Feldspar (Site 15)
[37] The biotite age spectrum is discordant with apparent ages range from $75 to $95 Ma in a spectrum consisting of a hill-trough-rise shape. The total gas age for the sample is 90.3 ± 0.7 Ma; however, when the first step is excluded (minimal age of spectrum), the remaining steps yield a preferred age of 93.3 ± 0.7 Ma.
[38] K-feldspar produced an age spectrum with an increase in ages over the step heat from 80 to 89 Ma. Minor effects of excess argon are evident over the first $9% of the gas release based on age decreases for the second of isothermal duplicate steps. Arrhenius parameters calculated from the 39 Ar release are E = 42.77 ± 1.06 kcal/mol and log D o /r 2 = 0.74 ± 0.28 s À1 .
P77057 Biotite and Muscovite (Site 14)
[39] The age spectrum for muscovite shows an initial increase in ages followed by a plateau and a final hightemperature increase in ages. The plateau segment consists of 76.8% (steps 3 -13) of the gas release with an age of 93.2 ± 0.4 Ma. This is the preferred age for the sample. The total gas age for the sample is 92.8 ± 0.3 Ma. Steps 1 -13 (MSWD = 1.6) yield an isochron with an age of 93.6 ± 0.6 Ma with a 40 Ar/ 36 Ar intercept of 271.9 ± 6.2.
[40] Biotite yielded an age spectrum with a plateau over the final 64% (steps 4 -13) of the gas release following an initial stepwise increase in ages. The plateau age is 89.1 ± 0.5 Ma, which is the preferred age for the sample. The total gas age for the sample is 84.37 ± 0.5 Ma. The plateau steps define an isochron (MSWD = 1.6) corresponding to an age of 89.6 ± 1.7 Ma and a [41] Muscovite produced a flat age spectrum with 95.4% of the gas release (steps 2-16) yielding a plateau age of 92.9 ± 0.7 Ma (preferred age), which is indistinguishable from the total gas age of 92.7 ± 0.7 Ma. Steps 2 -16 also define an isochron (MSWD = 0.94) with an age of 92.8 ± 1.4 Ma and a 40 Ar/ 36 Ar intercept of 328 ± 27. [42] Biotite yielded a ''plateau-trough-plateau''-shaped age spectrum corresponding to a total gas age of 88.3 ± 0.7 Ma. When omitting step 1 from the calculation yields a preferred total gas age of 89.5 ± 0.7 Ma. Steps defining the two ''plateaus'' (3-6; 40.1% of gas release, and 12 -14; 20.0% of gas release) yield weighted mean ages of 90.1 ± 0.8 Ma and 90.0 ± 0.8 Ma, respectively. Therefore, 60% of the gas release yielded an age of 90 Ma. Statistically valid isochron regressions yield ages around 90 -91 Ma; however, the 40 Ar/ 36 Ar intercepts are significantly less than atmospheric ($190 ± 5).
[43] K-feldspar yielded a discordant age spectrum. Initially, ages progressively increased as expected for samples appropriate for MDD thermal modeling; however, dramatic increases and decreases in ages resulting in a ''humpshaped'' spectrum indicate the presence of excess argon in the middle-to-larger domains resulting in data unsuitable for thermal history modeling. [Pryer, 1993] , consistent with the temperatures inferred by quartz plasticity. The preservation of finegrained dynamically recrystallized quartz indicates cooling during deformation. Although widespread brecciation has not been observed to overprint the ductile fabrics to further support progressive cooling during deformation, outcropscale brittle faults that cut the foliation have been observed in the vicinity of sites 3 and 7. Ar are measured beam intensities in mV, corrected for decay in age calculations; age uncertainty includes J uncertainty; rlsd, released; all uncertainties 1 sigma. J = 0.001981 ± 0.1847%, 
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Deformation Conditions in the Northern Segment
[45] Similar to the southern segment, microstructural study of samples from the northern segment of the Sisters shear zone (Figure 6 ) indicates the dominant deformation mechanisms were subgrain rotation recrystallization of quartz and fracturing and kink band development of feldspar grains; these features indicate deformation temperatures of 450 -350°C [Fitz Gerald and Stünitz, 1993; Passhier and Trouw, 1996] . Evidence for cooling during shearing in the northern segment includes cataclasis and brecciation overprinting the ductile fabrics as seen at site 12 (Figure 6c) . Additionally, high-angle, south dipping, brittle normal faults cut mylonitic fabric in the vicinity of Seal Point (Figures 4  and 6f) indicating deformation under cooler conditions.
[46] Progressive cooling during deformation is consistent with an extensional regime; however, the best evidence for the extensional nature of the Sisters shear zone and its representing a detachment fault system is based on two key locations (sites 23 and 12) that expose critical structural relationships. At site 12, a southeast dipping fault surface separates a mylonite zone below (footwall) from brecciated and chloritically altered granitoids above (hanging wall) (Figure 5c ). The orientation of slickenlines on the fault surface is consistent with the NW -SE lineation orientations measured from mylonites throughout the shear zone, implying kinematic compatibility of the detachment fault and footwall mylonite [e.g., Davis, 1980] .
[47] At site 23 gently dipping conglomerate beds of the offshore Sisters Islets are rotated toward the shear zone. Dip Ar are measured beam intensities in mV, corrected for decay in age calculations; age uncertainty includes J uncertainty; rlsd, released; all uncertainties 1 sigma. J = 0.001748 ± 0.0618%, 
TC5015
KULA ET AL.: SISTERS SHEAR ZONE GREAT SOUTH BASIN direction (340°) is nearly parallel to the lineation trend at site 12 (153°). Bedding in the conglomerate has a strike similar to the coastal mylonitic fabric ($070°), but dips oppositely to the north -northwest at 20-25°. These relationships indicate that the Sisters Islets represent hanging wall rocks to the mylonitic shear zone (Figure 4) , separated by an intervening detachment fault exposed $1 km to the north at site 12. Thus, mylonite in the footwall are brittley overprinted and in fault contact with brecciated granite and tilted sedimentary rocks forming the hanging wall. These features resemble components of detachment fault systems as recognized in the Basin and Range Province of the western United States [Wernicke, 1992] .
[48] From the field and microstructural observations presented, it is evident the Sisters shear zone consists of a top-to-the-northwest southern segment and a top-to-thesoutheast northern segment. The structural data also show that the north and south segments contain NW -SE trending lineation, regardless of kinematics; microstructures indicating similar deformation conditions including cooling during shearing; and yield similar 40 Ar/ 39 Ar data (discussed below). These consistencies indicate the two segments likely represent a single fault system, albeit with a complex architecture. In map view there is an apparent left-lateral offset in the shear zone boundary between the north and south segments (Figure 2 ), which led Kula et al. [2007] to postulate the presence of a concealed transfer fault. This interpretation is consistent with the presence of several transform faults in the northern segment that juxtapose mylonitic footwall rocks and breccia outcrops across bays Ar are measured beam intensities in mV, corrected for decay in age calculations; age uncertainty includes J uncertainty; rlsd, released; all uncertainties 1 sigma. J = 0.00200 ± 0.339%, Ar are measured beam intensities in mV, corrected for decay in age calculations; age uncertainty includes J uncertainty; rlsd, released; all uncertainties 1 sigma. J = 0.002069 ± 0.3848%, and inlets. This possible interpretation will be further developed later when the Sisters shear zone is placed in the regional tectonic framework.
Interpretation of Mica Ages
[49] The approach taken in interpreting the discordant age spectra obtained for biotites in this study is to use the total gas age (K/Ar equivalent) calculated after excluding the initial young step(s) (Figure 7 ). This interpretation applies to samples that did not yield valid plateau or isochron ages. Below we describe some details of the biotite analyses that led to this interpretation of the data.
[50] Common to four biotites analyzed in this study (P75079, P77056, P75084, P77499) is an age spectrum with a ''rise-plateau-trough-rise'' shape ( Figure 7 ). Lo and Onstott [1989] found this shape to be representative of 39 Ar are measured beam intensities in mV, corrected for decay in age calculations; age uncertainty includes J uncertainty; rlsd, released; all uncertainties 1 sigma. J = 0.00155 ± 0.472%, 
Ar
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KULA ET AL.: SISTERS SHEAR ZONE GREAT SOUTH BASIN recoil during irradiation from high K-bearing sites (biotite) into low-K sites (typically intergrown chlorite). This is consistent with petrographic evidence indicating only limited chloritization of the biotite, although the biotite appears pristine when observed under a binocular microscope.
[51] Most isochron regressions for the mica samples in this study yield 40 Ar/ 36 Ar intercepts less than atmosphere. While these values are typically deemed as impossible, they may reflect an artifact of 39 Ar recoil from more retentive high-K (biotite) sites into less retentive low-K (chlorite?) interlayers. The effect of this would be reductions in the 39 Ar/ 40 Ar values for the gas released from biotite (driving points left on isochron diagram) and increases in the 39 Ar/ 40 Ar values for the chlorite (driving points to the right) resulting in a steeper slope for the linear array and thus a lower 40 Ar/ 36 Ar intercept. Ar results from muscovite, biotite, and K-feldspar. Asterisk denotes the preferred age for samples with complex age spectra (see text). 
Thermochronological Constraints on the Sisters Shear Zone
[52] Two samples from the northern segment yielded both muscovite and biotite ages (P77057 and P77499) and in both cases the muscovite ages ($93 Ma) are 3 -4 Ma older than the biotite ages ($89 Ma) (Figure 7 ). This is consistent with the results of Kula et al. [2007] indicating the northern segment underwent relatively slower cooling ($17°C/Ma) during this time interval. The remaining biotite samples yield ages ranging from 94.6 Ma to 86.6 Ma (Figure 7 ). Samples P75079, P75084, and P77056 indicate a north-to-south systematic decrease in age consistent with progressive southward exhumation along a top-to-the-south detachment fault. However, the uncertainty in the placement of the putative transfer fault separating the north and south segments as well as the likely presence of other transfer faults in the area (Figure 4 ) makes it difficult to attempt to quantify an exhumation rate between these samples with any certainty.
[53] K-feldspar from samples P75084 (northern segment) and P75086 (southern segment) yielded very similar ages; however, thermal modeling indicates some subtle differences in their thermal histories (Figures 8 and 9 ). The thermal history for P75084 K-feldspar is concave upward indicating a progressive decrease in cooling rate from 25 to 30°C/Ma at 87 -89 Ma to near 10°C/Ma at 80 Ma (Figure 8d ). In contrast, the thermal history for P75086 Kfeldspar appears to show an increase in cooling rate beginning at 89 Ma followed by a decrease in cooling rate at $84 Ma (Figure 9d ). [54] Cooling during exhumation in the northern segment is apparent from comparison of the thermal history of P75084 (site 15) K-feldspar to P76106 reported by Kula et al. [2007] . Both samples yield very similar shaped cooling curves; however, the thermal history for P75084 is $75°C cooler than P76106 at any given time indicating that P75084 reached cooler temperatures (or shallower crustal levels) earlier (Figure 10 ). Sample P75084 was collected north of P76106, so its slightly older cooling is consistent with exhumation along a south dipping detachment fault. Because the microstructures developed during shearing indicate cooling from deformation temperatures as high as $350-400°C, the mica ages likely reflect slow cooling during the earliest stages of shearing. The subsequent increase in cooling rate determined from K-feldspar MDD modeling likely reflects the beginning of significant exhumation along the detachment fault at 89 Ma. Deformation in the northern segment may have initiated as early as $93 Ma (muscovite ages) with significant exhumation and cooling of footwall rocks taking place over the interval $89-80 Ma (K-feldspar cooling curves). Interpretation of cooling as a result of exhumation and not postintrusion thermal relaxation is supported by the $10 Ma time lag between mica cooling ages and the age of the youngest plutons cut by the Sisters shear zone ($105 Ma Gog/Kaninihi).
[55] In the southern segment, comparison of P75086 Kfeldspar from the footwall with sample P67866 [Kula et al., 2007] in the hanging wall indicates these samples record virtually identical thermal histories (Figure 10 ). The inflection to rapid cooling at 89 Ma as reported by Kula et al. [2007] (Figure 10 ) is reproduced when integrating the P75086 biotite age with the K-feldspar cooling paths ( Figure 10 ). Samples collected from the hanging wall and footwall of detachment fault systems are expected to yield contrasting thermal histories [i.e., Spell et al., 2000; Wells et al., 2005; Kula et al., 2007] . The nearly identical thermal histories for samples P75086 and P67866 are not consistent with this type of relationship. However, the similar thermal histories can be explained if the southern segment lies in the footwall of a top-to-the-southeast fault system. In this interpretation, the top-to-NW deformation would have only accommodated minimal cooling. Exhumation along the topto-SE fault (with inferred exposure offshore to the south) would cause the cooling recorded in both K-feldspars.
[56] Microstructures in the southern segment indicate deformation occurred at temperatures as high as 350 -400°C. Therefore, the 93 Ma biotite age from sample P75086 and the slow cooling rate inferred for $93-89 Ma (Figure 10 ) may indicate minor cooling during initial top-to-NW shearing. A structurally higher top-to-SE fault, possibly related to that in the northern segment (Figure 11 ), may have initiated by $89 Ma, causing cooling recorded in the Kfeldspar. If correct, then the lack of top-to-the-south shear (as seen in the northern segment) can be explained if the southern segment was deeper in the crust than the northern segment.
[57] Fault systems exhibiting shear zones with opposite polarities have been documented elsewhere in New Zealand including the Paparoa metamorphic core complex [Tulloch and Kimbrough, 1989] and the Otago Schist [Deckert et al., 2002] . These occurrences may indicate that New Zealand arc crust and/or the dynamics of Cretaceous rifting was conducive to development of bivergent geometries. An alternative explanation for the thermal histories and spatial relationships of the southern segment predicts that a structurally higher top-to-NW detachment fault would exist north of South Arm. If so, hanging wall sediments similar to the Sisters conglomerate might be expected; however, no evidence of hanging wall remnants is known.
Sisters Shear Zone, Great South Basin, and Campbell Plateau
[58] Southeast of Stewart Island, Zealandia crust of the broad Campbell Plateau is thinned and extended as evidenced by the physiography of internal subbasins. Specifically the Great South Basin (Figure 1a) . The Great South Basin (GSB; $100,000 km 2 , to 8.6 km deep) is one of several Cretaceous basins formed during separation of Zealandia from the dispersing Gondwana supercontinent [e.g., Cook et al., 1999] .
[59] The deepest part of the GSB is the central subbasin. The southwest edge of the central subbasin follows the boundary between the low Sr/Y and high Sr/Y portions of the Mesozoic arc belt (Figure 12 ). We interpret these belts to represent thin, low-lying and thick, highstanding arc crust, respectively [Tulloch and Kimbrough, 2003; Tulloch et al., 2006] . The northwest boundary of the central subbasin of the GSB strikes ENE and is observed on seismic profiles as a southeast dipping normal fault system. The Sisters shear zone, when extended offshore along its northeast strike, aligns with this feature (Figure 12) .
[60] Deposits of the nonmarine Hoiho Group sediments that unconformably overlie basement rocks provide the age of initial formation of the GSB as $100-81 Ma [Cook et al., 1999; Crampton et al., 2004] . Sediments of the Hoiho group were derived largely from basement and granitoids [Cook et al., 1999] . The onset of rapid cooling in Sisters shear zone footwall rocks at $89 Ma from K-feldspar thermochronometry is consistent with the inferred middle Cretaceous age for the lower Hoiho Group sediments [Cook et al., 1999] . Additionally, southeast and northwest dip directions on normal faults that were active during Hoiho Group deposition are oriented subparallel to the lineation orientations measured throughout the Sisters shear zone, indicating kinematic compatibility between these fault systems [Cook et al., 1999] . [61] Other evidence linking the Sisters shear zone with formation of the GSB are sediment dispersal directions for the Hoiho Group sediments, which are from the southwest and the northwest [Cook et al., 1999] . From Figure 12 , these sediment transport directions indicate sources from the adjacent high Sr/Y pluton belt (southwest) and inferred Sisters shear zone footwall (northwest). This indicates the high Sr/Y belt and the Sisters shear zone footwall were topographically high features supplying sediment into the GSB, which supports interpretations of the high Sr/Y belt as having been a region of thick arc crust, supporting high topography.
[62] In Figure 12 it is evident the Sisters shear zone cuts across the high Sr/Y belt. Thus, the high Sr/Y belt was being both extended (thinned) and erosionally exhumed. The lack of preservation of volcanic and sedimentary units in this belt may be due to widespread denudation of the highstanding topography of this belt of thick crust [Tulloch and Kimbrough, 2003; Tulloch et al., 2006] . Significant erosion and thinning of thick, highstanding arc crust would require isostatic adjustment to remain in equilibrium with the adjacent thin, low Sr/Y belt, which may explain why the exposures of the Sisters shear zone on Stewart Island terminate to the northeast at the paired belt boundary. The structure is inferred to likely continue submerged as represented by the prominent scarp bounding the northwest edge of the Great South Basin (Figure 12) .
[63] The Campbell Plateau is submerged continental crust consisting of sedimentary basins, including the GSB discussed above, formed during mid-Cretaceous time [Cook et al., 1999] (Figure 1) . The plateau was separated from West Antarctica by initiation of the Pacific-Antarctic spreading ridge during chron 33r (83 -79 Ma [Sutherland, 1999] ). The main tectonic features of the Campbell Plateau, including the Bounty Trough [Davy, 1993] , the Bollons Seamount [Davy, 2006] , and the continental slope marking the southeastern boundary of the plateau, are all the result of continental extension leading to the formation of the PacificAntarctic Ridge at chron 33r [Cook et al., 1999] . The timing of chron 33r corresponds with the timing of the transition to slow cooling recorded in K-feldspar from the Sisters shear zone (this study and Kula et al. [2007] ). The $330°/150°t rend of lineations is also consistent with the spreading Figure 11 . Schematic cross sections for the northern and southern segments of the SSZ (see text for discussion). Northern segment section is from Kula et al. [2007] . Southern segment schematic depicts hypothesis of structurally higher fault system (now offshore, see text) cutting the top-to-the-north fabric based in part on brittle normal faults observed in the field (depicted schematically). Locations of key thermochronometry samples are shown. directions for the Pacific-Antarctic Ridge. Thus, the thermochronology and kinematic data indicate a link between continental extension along the Sisters shear zone, formation of the Great South Basin (and greater Campbell Plateau), and incipient seafloor spreading between Zealandia and Gondwana.
Conclusions
[64] The Sisters shear zone represents a Cretaceous extensional detachment fault system that accommodated footwall denudation from $93 -82 Ma. The shear zone consists of northern and southern segments showing opposite kinematics separated by a left-lateral transfer fault. Although the Sisters shear zone is only exposed for 40 km along the coast of Stewart Island, we infer it to project along the northwest boundary of the central subbasin of the GSB. This inference is supported by consistencies in the orientation and kinematics of shear zone deformation and the northern bounding structure for the GSB, and in the timing of extensional shearing and deposition of middle Cretaceous Hoiho Group sediments [Cook et al., 1999] . The 40 Ar/ 39 Ar mica and K-feldspar thermochronometry indicate deformation within the Sisters shear zone initiated by $93 Ma, with significant cooling during the interval $89-82 Ma. Extension and crustal thinning along the shear zone contributed to the formation of the GSB and thinning of the Campbell Plateau. This led to development of the Pacific-Antarctic Ridge, which separated the Campbell Plateau from West Antarctica marking the final step in the isolation of Zealandia from the dispersing Gondwana supercontinent.
